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ABSTRACT: Worldwide efforts to switch away from coal have increased the
reliance on natural gas imports for countries with inadequate domestic
production. In preparing for potential gas import disruptions, there have been
limited attempts to quantify the environmental and human health impacts of
different options and incorporate them into decision-making. Here, we analyze
the air pollution, human health, carbon emissions, and water consumption
impacts under a set of planning strategies to prepare for potentially fully
disrupted natural gas imports in China. We find that, with China’s current
natural gas storage capacity, compensating for natural gas import disruptions
using domestic fossil fuels (with the current average combustion technology)
could lead up to 23,300 (95% CI: 22,100−24,500) excess premature deaths
from air pollution, along with increased carbon emissions and aggravated water
stress. Improving energy efficiency, more progressive electrification and
decarbonization, cleaner fossil combustion, and expanding natural gas storage
capacity can significantly reduce the number of excess premature deaths and may offer opportunities to reduce negative carbon and
water impacts simultaneously. Our results highlight the importance for China to increase the domestic storage capacity in the short
term, and more importantly, to promote a clean energy transition to avoid potentially substantial environmental consequences under
intensifying geopolitical uncertainties in China. Therefore, mitigating potential negative environmental impacts related to insecure
natural gas supply provides additional incentives for China to facilitate a clean and efficient energy system transition.
KEYWORDS: energy security, energy self-reliance, electrification and decarbonization, energy efficiency, natural gas storage,
air quality and human health, water demand, greenhouse gas emissions
■ INTRODUCTION
Natural gas is widely considered to be the cleanest burning
fossil fuel which, along with its flexible use for cooking and
heating, electricity generation, and transportation, has
facilitated its utilization as a bridge toward an ultimately
carbon- and air pollution-free energy future.1−3 Although not
as desirable as nonfossil energy, assuming appropriate source
choices4,5 and deployment strategies,6 and effective methane
leakage control,7−9 natural gas substitution for other fossil fuels
can bring tangible air quality, climate, and water co-benefits.6,10
Globally, natural gas has been the fastest growing fossil fuel
over the past decade, supplying one-third of worldwide energy
demand growth.11 However, only a few countries’ rapidly
growing natural gas consumption is supported by comparable
increases in domestic production as a result of technological
breakthroughs and policy supports (i.e., the shale gas boom in
the U.S.).12,13 For major developing economies such as China,
increases in domestic natural gas production are far from
adequate to meet their growing demand,14,15 resulting in
serious concerns about national energy security (i.e., securing
uninterrupted energy supply at affordable prices).16 In addition
to high external dependence, China’s natural gas imports are
also exposed to a series of other threats, such as energy
exporter’s resource risks (e.g., decreasing resources left for
exports due to increasing domestic demand in Yemen,
Australia, and Uzbekistan)17 and political risks (e.g., political
instability in Myanmar or Yemen conflicts in the Middle
East);17,18 transportation risks endemic to the geography of
China’s shipping routes (e.g., long transport distance, weather-
induced maritime accidents, and Straits of Malacca as the
geographical “choke points” exposed to pirate and terrorist
attacks);17−20 as well as natural hazards,19 price volatil-
ity,17,18,21 purchasing power risks,17 and competition for
geographically concentrated natural gas resources.20
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Intensifying international relations are further aggravating
China’s concerns about international natural gas supply
security and hence the security of its national economy.22,23
For example, the U.S.−China trade war suggests that the
relationship between these two countries is worsening, and
“tougher” policies toward China that view it as an emerging
opponent tend to garner bipartisan support in the U.S.22
International suppliers of natural gas to China, such as the U.S.
and its allies, may threaten China’s natural gas supply either by
directly banning exports to China or threatening China’s oil
and natural gas transportation lines.22
Unanticipated gas disruptions may lead to cascading
problems in China’s national economy, societal peace, and
political stability.18,20,22 As a result, China’s top leadership has
called for national oil and gas companies to significantly
increase domestic production to counteract the increasing
external dependence that may impede China’s sustainable
socioeconomic development.18,23 Therefore, it is of critical
importance for China to explore potential self-reliant planning
strategies, as instructed by President Xi’s directive,23 so as to
prepare for potential import disruptions. That is, China should
prepare to satisfy the predisturbance end-use energy service
demand via upgrading its domestic energy system.
To prepare for potential natural gas import disruptions, gas-
importing countries could transform their domestic energy
sector either by using available gas storage, further improving
end-use energy efficiency, or switching to alternative fuels.
Different planning strategies for gas import disruptions will
result in varying degrees of environmental impacts when
implemented, with some pathways that may lead to severe
environmental consequences; hence, cautious cross-strategy
analysis is needed to better inform decision-making. Never-
theless, previous studies have primarily focused on identifying
the drivers and severity of natural gas insecurity,14,24−26 and/or
evaluating the geopolitical and financial risks associated with
natural gas imports,27,28 whereas the associated environmental
outcomes have rarely been evaluated. Limited relevant studies
mostly highlight energy security as a co-benefit of climate
policies,29−31 while only a few efforts provide insights on the
reverse impacts of energy independence on greenhouse gas
emissions (GHG).32 To date, few studies have systematically
analyzed the underlying multiaspect environmental conse-
quences that could result from natural gas-importing countries’
planning strategies in anticipation of disrupted international
trade.
Here, we characterize the environmental consequences of
potential planning scenarios that focus on upgrading the
domestic energy system to prepare for a complete disruption of
natural gas imports. The impacts are estimated assuming that
planning scenarios are rooted in the 2015 energy system
structure and level of pollution control due to data availability
(Supporting Information). A complete shutdown of natural gas
imports is at the limit of disruption and thus presents the
potential maximum environmental impacts of each scenario,
yet preparing for the need for self-reliance adds flexibility and
geopolitical leverage. Our study does not seek to predict the
possibility or severity of international natural gas market
interruptions but rather answer the following questions: for
natural gas-importing countries such as China, given their
current storage capacity and energy system, what would the
environmental consequences be when they pursue different
strategies to prepare for gas import disruptions, and how could
these environmental consequences be minimized?
■ MATERIALS AND METHODS
This work evaluates the potential multiaspect environmental
impacts of a set of domestically planning scenarios for China to
prepare for disruptions due to insecure natural gas supply. We
use an integrated assessment framework coupled with life cycle
analysis. We simulate national and spatially resolved air quality
(and associated human health), GHGs, and water con-
sumption impacts for each scenario, which is designed to
provide the energy that would be lost in the event of a full
disruption of international natural gas supply under China’s
current energy structure and natural gas storage capacity.
Planning Scenarios’ Design. In 2015, China’s natural gas
dependence on international imports was around 30%,33 while
its underground gas storage ratio was roughly 5%, far below the
global average of about 12%.34 We define the differences
between country-level annual total undisturbed natural gas
imports and national total natural gas storage as the “domestic
gas supply deficiency” due to international gas disruptions,
which is at the magnitude of 25% of China’s total natural gas
consumption in 2015 under current storage capacity.
Table 1. Energy Sector Scenarios to Prepare for International Natural Gas Supply Disruptionsa
preparation scenarios description
energy efficiency improvement improve end-use energy efficiency to make up for international natural gas cuts
unconventional gas compensation develop domestic unconventional natural gas to compensate for international natural gas cuts
average fossil compensation use domestic fossil fuels (with current average combustion technology) to compensate for international natural gas
disruptions. Coal is used to compensate for natural gas used in all major sectors
(i.e., residential, industrial, and power sectors); oil is used in the transportation sectorb
cleaner fossil compensation the same as above, but use domestic fossil fuels with cleaner combustion technology
(lower EFs and higher energy efficiency) to compensate for international natural gas disruptionsb
2015 electrification generate extra electricity to compensate for international natural gas disruptions with the 2015 power mixc
partially decarbonized electrification generate extra electricity to compensate for international natural gas disruptions with the 2030 power mix under stated
policiesd
aNote the ultimate goal of each scenario is to keep the final energy service demand (e.g., residential heating demand) the same as that when
without import disruptions. bDetails of energy efficiency and EFs used are provided in Table S1. cElectricity is generated with the 2015 energy mix:
approximately 74% thermal, 19% hydro, 3% nuclear, 3% wind, and 1% solar, following China’s Electricity Statistic Yearbook.35 As we use electricity
to compensate for the reduced natural gas supply, we will not use extra natural gas to generate additional electricity. Also, oil makes up less than
0.1% of the thermal electricity. Thus, here, we assume that additional thermal electricity is all provided by coal. dElectricity is generated with the
predicted 2030 average energy mix according to the World Energy Outlook Stated Policy Scenario: approximately 57% thermal, 14% hydro, 7%
nuclear, 3% bioenergy, 10% wind, and 9% solar.36 Similar to the 2015 electrification scenario, as we use electricity to compensate for the reduced
natural gas supply, we will not use extra natural gas to generate additional electricity. Thus, here, we assume that additional thermal electricity is all
provided by coal.
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To prepare for this domestic (within the country) natural
gas supply deficiency, we design six major planning scenarios
based on the 2015 storage capacity and energy system
structure, as shown in Table 1: (1) improving energy efficiency
across end-uses, (2) facilitating domestic unconventional
natural gas [e.g., shale gas and synthetic natural gas (SNG)]
development as alternative natural gas supplies, (3) compen-
sating for natural gas import disruptions with increasing
domestic fossil fuels with the current fuel mix and combustion
technology, (4) compensating for gas import disruptions with
increasing domestic fossil fuels with cleaner combustion
technology, (5) compensating for gas import disruptions
with increasing electricity generated with the 2015 power
sector mix (74% fossil fuel and 26% nonfossil energy),35 and
(6) compensating for natural gas import disruptions with
electricity generated with a partially decarbonized power sector
fuel mix (57% fossil fuel and 43% nonfossil energy).36 These
six scenarios provide a relatively representative coverage of
China’s potential planning strategies to meet its predisruption
end-use energy service demand.
Emissions and Water Consumption. Comparing
emissions and water consumption under each of our designed
scenarios with the baseline (undisturbed international gas
imports), we quantify their respective changes in air pollutant
emissions, GHGs, and water consumption.
Using eqs 1−4, we first estimate China’s spatial and sectoral
heterogeneity in the required overall energy efficiency
improvement and alternative energy demand for each scenario
based on China’s 2015 statistical energy data breakdown.33
Major end-use energy efficiency and fuel economy parameters
used in this calculation are shown in Table S1. Lacking
information of sector- and province-specific external gas
dependence, we assume gas import interruption will affect
each sector and each province in proportion to their baseline
natural gas consumption. This is because China has relatively
well-connected natural gas pipeline infrastructure for inter-
province gas flow across the country, and, thus, postdisruption
natural gas re-allocation is likely to resemble the baseline
pattern. On top of that, we further include a sensitivity analysis,
assuming that provinces with higher political and economic
priorities (i.e., Beijing and Shanghai) have higher priorities in
postdisruption natural gas re-allocation and hence are less
affected by import disruptions (Supporting Information).
We then calculate the changes in life cycle emissions and
water consumption by integrating both upstream and end-use
processes. Upstream air pollutant emissions, GHGs, and water
consumption are calculated based on upstream emission
intensities for air pollutants and greenhouse gases and water
consumption intensities reported in earlier studies,6,37,38
together with our estimated alternative energy demand for
each scenario. We then estimate end-use environmental
changes using eqs 5 and 6 under each scenario primarily
based on the ECLIPSE_V5a_CLE (evaluating the climate and
air quality impacts of short-lived pollutants) emission
scenario39,40 developed with the GAINS model. For changes
in end-use water consumption, we mainly rely on water
consumption coefficients for industrial boilers reported in
earlier studies, together with China’s unit-level water
consumption for natural gas and coal generation units.41
More methodological details are summarized in the Supporting
Information.
Degree of efficiency improvement needed under the
efficiency improvement scenario
α κΔ = + + − − *
−
EFI (OE gas )/(OE (1 ( )) gas )
1
r,s r,s r,s r,s r,s
(1)
Alternative fuels needed to compensate for gas import
disruptions under fossil compensation scenarios
α κ η ηΔ = − * * *QAF ( ) gas /t tr,s,q r,s r,s,q ,gas ,AF (2)
Extra electricity needed to compensate for gas import
disruptions under electrification scenarios
α κ η ηΔ = − * * *QELE ( ) gas /t tr,s,q r,s r,s,q ,gas ,ELE (3)
Additional fuels needed to generate extra electricity
estimated in ref 3
ηΔ = ΔAF ELE / er,s,q,ELE r,s,q ,AF (4)
Changes in emissions or water consumption under each
scenario due to decreased gas use
α κΔ = − * *E ( ) gas EFgas,m,r,s,q r,s,q gas,m,r,s,q (5)
Changes in emissions or water consumption under each
scenario due to increased alternative fuel use
Δ = Δ *E AF EFAF,m,r,s,q r,s,q AF,m,r,s,q (6)
r: region; s: sector (e.g., the residential sector); α: China’s
natural gas foreign dependence, 30% in 2015; κ: China’s
underground natural gas storage ratio, roughly 5% in 2015; q:
subsector (e.g., residential cooking); η: technology efficiency;
t: technology (e.g., natural gas combined cycle); ELE:
electricity amount; E: emissions or water consumption; EF:
emission factors or water consumption coefficients; ΔEFIr,s
required overall energy efficiency improvement in region r and
sector s to provide the same amount of end-use energy (e.g.,
electricity generation) as that without import disruptions;
OEr,s: baseline energy consumption other than natural gas in
region r and sector s, units are in kg coal equivalent (kg coal
eq); gasr,s: total domestic and international natural gas
consumption without trade disruptions (kg coal eq); ΔAFr,s,q:
quantity of alternative fossil fuels needed to compensate for
natural gas import disruption in region r, sector s ,and
subsector q (kg coal eq); Qr,s,q: the ratio of natural gas
consumption in subsector q within sector s in region r to total
gas consumption in sector s in region r; ΔELEr,s,q: quantity of
extra electricity needed to compensate for natural gas import
disruption in region r, sector s, and subsector q under
electrification scenarios, units are in kg coal eq; ΔAFr,s,q,ELE:
quantity of additional alternative fuels used to generate the
required extra electricity estimated as ΔELEr,s,q (kg coal eq);
ηe,AF: energy efficiency of alternative fuels in generating
electricity; ΔEgas,m,r,s,q: reduced air pollutant emissions or
water consumption from reduced natural gas consumption in
region r, sector s, and subsector q for pollutant species or water
(m); ΔEAF,m,r,s,q: increased air pollutant emissions or water
consumption from increased alternative fuel consumption in
region r, sector s, and subsector q for pollutant species or water
(m); EFgas,m,r,s: EFs or water consumption coefficients for
natural gas used in region r, sector s, and subsector q for
pollutant species or water (m); EFAF,m,r,s,q: EFs or water
consumption coefficients for alternative fossil fuels used in
region r, sector s, and subsector q for pollutant species or water
(m). Average and the 25th percentile EFs are used under the
average fossil (AF) compensation and cleaner fossil (CF)
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compensation scenarios, respectively. For water consumption,
the average water consumption coefficients for all generation
fleets, or for all advanced generation fleets (≥ 600 MW), are
used for the AF compensation and CF compensation
scenarios, respectively.
Air Quality and Human Health Impacts. Based on the
changes in spatially explicit life cycle air pollutant emissions
under each scenario, we simulate the resulting changes in grid-
level PM2.5 surface concentrations using the Weather Research
and Forecasting model coupled with Chemistry model (WRF-
Figure 1. China’s dependence on natural gas imports and natural gas storage ratio. Colored vertical bars show China’s natural gas imports via
pipeline gas (red) and liquefied natural gas (green) from 2006 to 2018. Solid blue, solid red, dashed black, and dashed magenta lines represent
China’s total natural gas production, consumption, foreign dependence (share of total consumption from imports), and underground natural gas
storage ratio (the ratio of working gas to total gas consumption) over the same period, respectively. China has gone through rapidly increasing
dependence on natural gas imports and is facing increasing insecurity in natural gas supply. We focus on the 2015 data in the main study, while we
emphasize that natural gas foreign dependence has been continually increasing after 2015.
Figure 2. Required efficiency improvement or alternative energy in each scenario to prepare for potential natural gas import disruption. Heatmaps
highlight China’s mainland provinces (excluding Tibet due to data unavailability) and four major sectors (RES: residential, POW: power, IND:
industry, and TRA: transportation) that require the most substantial (a) energy efficiency improvement (in blue font) or (b−e) alternative energy
(in black fonts) in six scenarios. Note that the total number in the electrification scenario includes alternative energy input of both fossil fuels and
nonfossil energy. Here, we attribute the additional electricity needed (and the associated fuel uses for providing the electricity) to its demand sector
(e.g., industry), instead of attributing it to the power sector. Numbers above the heatmap for each scenario are (a) national average efficiency
improvement required or (b−e) national total alternative energy demand and the respective coal fraction (b−e) for the four major sectors.
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Chem v3.6.1).42,43 We use the same physical and chemical
parameterizations as described by Zhou et al. (2018)44 and
adopt an improved scheme that factors into aerosol−radiation
interaction to better represent the formation of secondary
inorganic aerosols, which is essential for modeling air quality
and calculating health impacts.45 Our model domain covers
East Asia with a spatial resolution of 27 × 27 km2. Annual
average air quality simulations are represented with simulation
results for January, April, July, and October for each scenario,
with a 3 day spin-up for each monthly simulation (Figure S1).
On top of air quality simulations, we further evaluate the
health impacts based on the updated Global Exposure
Mortality Model.46 The updated relative risk (RR) equations
developed by Burnett et al. (2018)46 are used in this study. We
use Monte Carlo analysis to generate 100,000 shapes of RR to
estimate the mean and 95% confidence intervals of avoided
premature deaths under each scenario.
■ RESULTS AND DISCUSSION
Fast-Growing Natural Gas Import Dependence in
China. Figure 1 provides a historical overview of China’s
natural gas supply and demand. China began importing
liquefied natural gas (LNG) from Australia in 2006 and has
been a net natural gas importer since the following year
(Figure 1).47 From 2006 to 2018, natural gas consumption in
China quintupled from 56 billion cubic meters (bcm) to 283
bcm, while domestic production only increased 2.7 times
(from 59 to 160 bcm).33 Meanwhile, total natural gas imports
in China rapidly expanded from 1 bcm in 2006 to 126 bcm in
2018 via pipeline gas (∼52 bcm) and LNG (∼74 bcm). As a
result, China relied on natural gas imports for ∼45% of its
demand in 2018, 60% of which was from LNG.33
Despite the notably increasing foreign gas dependence,
China’s underground natural gas storage development has
remained low. During the past decade, China’s underground
gas storage ratiothe ratio of working gas (i.e., volume of
natural gas that can be injected and withdrawn from storage)
to total gas consumptionhas been consistently below 5%
(Figure 1). This storage ratio is less than half the global
average (12%) and one-third of that in Europe (17%) or North
America (16%).34 Notably, even with a relatively high storage
ratio, European countries are not immune to international
natural gas supply disruptions.48,49 Therefore, China, the
world’s largest natural gas importer and the third largest
natural gas consumer,15 is inevitably exposed to increasing
natural gas insecurity.
Energy Sector Transformation Needed to Prepare for
Natural Gas Import Disruptions. With China’s current
natural gas storage capacity, considerable challenges exist in
preparing for international gas trade interruptionspartic-
ularly in regions and sectors with high natural gas dependence.
Figure 2 highlights the degree of energy efficiency
improvement needed or the amount of alternative energy
demand to prepare for natural gas import interruptions. As
shown in Figure 2, an overall additional energy efficiency
improvement of 1.5% is needed for the whole economy to
meet the domestic gas supply deficiency; this equals an
additional ∼30−70% of China’s annual average efficiency
improvement.50 Notable variations exist across regions and
end-use sectors. For instance, across provinces, Beijing requires
the most progressive efficiency improvement of up to 10%,
indicating its uniquely high natural gas share in the local energy
structure (refer to Figure S2 for the spatial distribution of
provinces in China). Nevertheless, if we assume that Beijing
and Shanghai have higher priority in postdisruption gas re-
allocation, these two provinces could shift the efficiency
improvement requirement to other provinces (e.g., Shanxi and
Shaanxi), yet the national impacts stay almost the same (Figure
S3). Among major end-uses, the residential (3%) and
industrial (2%) sectors require the most significant efficiency
improvement, particularly for urban residents (8%).
Supposing a switch to alternative fuels across major end-uses
to prepare for interrupted natural gas imports, approximately
56 million tonnes of coal equivalent (MtCoaleq) of domestic
unconventional natural gas, 73 MtCoaleq (including ∼95%
coal) of domestic fossil fuels with current combustion, 66
MtCoaleq (∼95% coal) of domestic fossil fuels with cleaner
combustion, or 96 MtCoaleq (∼83% coal) and 102 MtCoaleq
(∼60% coal) of domestic electricity-generating energy under
2015 electrification and partially decarbonized electrification
Figure 3. National multiaspect environmental impacts under each scenario. Vertical bars represent the changes in major air pollutant emissions
(SO2, NOx, and PM2.5 in kt), GHGs (CH4 and CO2 together under GWP100 in Mt), and water consumption (Mm
3) for both upstream (stripes)
and end-use processes (solid). Note that for efficiency improvement and UN compensation scenarios, changes occur only in end-use and upstream
processes, respectively. Other scenarios include changes in both upstream and end-use processes. We also show the regional share to PM2.5 (SO2
and NOx are shown in Figure S2), GHG, and water consumption changes under each scenario with top pie charts. The spatial distribution of
mainland China provinces is shown in Figure S1. XJ: Xinjiang, GD: Guangdong, SC: Sichuan, JS: Jiangsu, SAX: Shaanxi, BJ: Beijing, ZJ: Zhejiang,
SX: Shanxi, IM: Inner Mongolia, CQ: Chongqing, LN: Liaoning, SD: Shandong, and HN: Henan. Gray areas in the pie charts indicate the total
shares of all other non-top five provinces.
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are needed. These results correspond to ∼7-fold increases in
domestic unconventional gas (UN) production (6.4 bcm of
total shale gas and SNG production in 2015)51,52 or ∼2.1−
2.7% of additional coal consumption for the other four
compensation scenarios. Under all scenarios, the industry and
residential sectors require the most alternative fuels, where
natural gas was initially mainly consumed.33 Notably, the
residential sector makes up ∼20% of the sectoral total UN
demand, whereas ∼30% of alternative AF fuels under both
average and CF compensation scenarios, indicating that natural
gas has been particularly efficient in substituting coal
combustion in the residential sector. Apparently, the required
improvement (e.g., the level of efficiency improvement) from
each strategy to prepare for full gas import disruption
demonstrates notable challenges, indicating the need for the
simultaneous implementation of a mix of strategies.
Multiaspect Environmental Consequences to Pre-
pare for Import Disruptions. Assuming successful imple-
mentation of each preparation strategy, the resulting environ-
mental consequences range from slight improvement (i.e.,
efficiency improvement) to notable deterioration (i.e., AF
compensation for natural gas supply deficiency).
Upgrading the end-use energy efficiency is the only scenario
that can simultaneously reduce life cycle air pollutant emissions
(i.e., ∼13 kilotonnes of SO2, kt SO2), GHGs (∼95 million
tonnes of CO2 equivalent, Mt CO2eq, under the 100 yr global
warming potential, GWP100), and water consumption (∼113
million cubic meters, m3) (Figure 3), as all other scenarios
evaluated in this study require extra fossil fuel consumption to
prepare for gas import disruptions. However, the potential
environmental improvement with upgrading end-use efficiency
is often much smaller than the environmental consequences of
the other five scenarios. In particular, AF compensation results
in the greatest increases in air pollutant emissions, which can
be more than an order of magnitude larger (i.e., ∼760 kt for
SO2) than the corresponding reductions achieved by upgrading
end-use efficiency mainly due to increased coal consumption
to meet the gas supply deficiency. Increases in air pollutant
emissions under CF compensation and 2015 electrification
scenarios are comparable, roughly 20−70% of those under AF
compensation (depending on the pollutant). Partially decar-
bonized electrification can further cut air pollutant emission
increases by ∼30% compared with the 2015 electrification.
Changes in air pollutant emissions are often concentrated in
major gas-producing provinces (i.e., Xinjiang and Sichuan) or
populated eastern China (i.e., Shandong and Jiangsu) (Figures
3 and S4 and S5).
Across our evaluated scenarios, changes in GHG emissions
and water consumption vary by ∼2−3 times; while still large,
these variations are much smaller than the differences in air
pollutant emission changes. UN compensation and 2015
electrification result in the greatest increases in GHG emissions
(∼175 and 170 Mt CO2eq, respectively) and water
consumption (∼290 and 270 Mm3, respectively). This is
because both UN production (e.g., hydraulic fracturing for
shale gas production6 and water demand for coal-based SNG
production6) and electricity generation (e.g., cooling water)41
consume substantial amounts of water while contributing
considerable GHG emissions due to CH4 leakage during shale
gas production4,6 and CO2 emissions in coal-based SNG
production4 or coal-dominated electricity generation.53 In
particular, the highest increases in water consumption due to
UN compensation primarily occur in regions that already have
severe water scarcity where SNG projects are mainly operated
and approved (i.e., Xinjiang and Inner Mongolia)54 (Figures 3
and S5). Interestingly, sectoral contributions to air pollutants,
GHGs, and water consumption show notable variations
(Figure S6), suggesting different targeted sectoral opportu-
nities in addressing different environmental impacts.
Human Health Impacts to Prepare for Import
Disruption. Following from changes in air pollutant
emissions, the air quality and associated human health impacts
due to the evaluated scenarios are particularly concerning
under AF compensation. As shown in Figures 4 and 5, AF
compensation causes 23,300 (95% CI: 22,100−24,500) PM2.5-
associated excess deaths due to considerable extra coal and oil
consumption to compensate for gas supply deficiency, which
are approximately 3.0 times that of CF compensation, 3.2
times that of 2015 electrification, 4.5 times that of partially
decarbonized electrification, and 25 times that of UN
compensation. Further, increased premature mortality under
AF compensation is ∼10 times the number of avoided
Figure 4. Spatially resolved human health consequences under each scenario. Spatial distribution of PM2.5-associated premature deaths under each
scenario: (a) efficiency improvement; (b) UN compensation; (c) AF compensation; (d) CF compensation; (e) 2015 electrification; and (f)
partially decarbonized electrification. AF compensation causes the most substantial excess premature deaths, particularly in SCQ, BTH, Yangzi
River Delta, and the Pearl River Delta regions.
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premature deaths due to efficiency improvement. These trends
are consistent with the population-weighted (P−W) PM2.5
concentration changes across scenarios (Figure S7).
Such environmental and health outcomes are most problem-
atic in Sichuan−Chongqing (SCQ), Beijing−Tianjin−Hebei
(BTH), the Yangtze River Delta (YRD), and the Pearl River
Delta (PRD) regions. Under AF compensation, P−W PM2.5
concentrations increase by 4.6 μg/m3 in Chongqing, 3.2 μg/m3
in Sichuan, and 2.0 μg/m3 in Beijing. The associated excess
premature deaths are 4950 (4710−5180) in SCQ, 2250
(2140−2350) in BTH, 3730 (3540−3920) in YRD, and 1400
(1320−1490) in PRD regions. Notably, a potentially higher
regional priority for postdisruption gas re-allocation in Beijing
and Shanghai will reduce PM2.5-associated premature deaths in
these two regions at the expense of increased excess deaths in
provinces such as Shanxi and Shaanxi, and, thus, the national
total numbers would only be slightly improved (23,100, 95%
CI: 21,900−24,300; Figure S8).
Between 2013 and 2017, China launched the Air Pollution
Prevention and Control Action Plan (Clean Air Action),55
which cost approximately 240 billion U.S. dollars,56 reduced
national annual average PM2.5 concentrations by 32%,
55 and
thereby avoided ∼400,000 air pollution-attributed deaths
nationwide.55 However, if China were to prepare for
international gas supply disruptions with AF compensation,
this could partly offset the national air quality and human
health improvements from the enormous economic and
political investments in Clean Air Action.55 Even with
progressive Clean Air Action efforts, China’s air pollution
remains severe; in 2017, ∼220 cities were still unable to meet
the national PM2.5 air quality standard.
55 Natural gas import
disruptions could potentially further worsen the situation,
especially among some of the most populated and polluted
regions (e.g., SCQ, BTH, YRD, and PRD), if the
postdisruption gas re-allocation resembles the current pattern.
Other than improving the end-use energy efficiency,
different strategies to prepare for gas import disruptions
would trigger different levels of air quality and human health
losses due to increased upstream (e.g., electrification scenarios)
and/or end-use (e.g., fossil compensation scenarios) fossil fuel
consumption. We thereby further evaluate the potential
impacts under increased natural gas storage capacity and
more progressive renewable energy development. As shown in
Figure 6, expanding the current natural gas storage capacity to
a higher level can notably reduce the negative environmental
impacts across planning strategies. For instance, increases in air
pollutant emissions, GHGs, and water consumption under a
15% storage ratio (slightly higher than the global average level)
can be reduced to 60% of our estimates under the 5% storage
ratio. In addition, as illustrated in Figure S9, with a 15%
storage ratio, PM2.5-associated premature mortality under the
AF compensation strategy decreased to 13,300 (95% CI:
12,600−13,970), reducing the human health impacts by ∼40%.
Therefore, gas storage expansion can play an important role in
mitigating the environmental consequences from different
preparation strategies. Nevertheless, despite such remarkable
reductions, gas storage expansion alone is insufficient to
address potential air quality and human health consequences.
Under China’s current energy structure and combustion
technology, even with a 20% gas storage capacity, the air
quality and health impacts from the AF compensation strategy
are still larger than all other scenarios with a 5% storage ratio
(Figure 6), which highlights the importance of a simultaneous
Figure 5. Excess PM2.5-associated premature deaths due to each
scenario. EF: efficiency improvement; UN compensation; AF
compensation; CF compensation; ELE: 2015 electrification;
PDELE: partially decarbonized electrification. SCQ, BTH, YRD,
and PRD.
Figure 6. Changes in life cycle (a) PM2.5 emissions, (b) GHGs (GWP100), and (c) water consumption for different scenarios with varying natural
gas storage capacities. Bar charts represent results under the current gas storage ratio (5%), light to dark green lines illustrate results under 10, 15,
and 20% gas storage ratios. EF: efficiency improvement; UN compensation; AF compensation; CF compensation; ELE: electrification with the
2015 power grid mix; PDELE: partially decarbonized electrification (43% nonfossil energy and 57% fossil36 with the current combustion
technology); DDELE: deeper decarbonized electrification (59% nonfossil energy and 41% fossil36 with the current combustion technology); and
DCELE: deeper decarbonized electrification with CF combustion (59% nonfossil energy and 41% fossil36 with the cleaner combustion
technology). Expanding the natural gas storage capacity and promoting clean energy transition (i.e., improving efficiency and deeper electrification
with decarbonized energy mix) are both needed to simultaneously address multiple environmental consequences related to preparing for
international natural gas disruptions.
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effective clean energy transition (i.e., facilitating electrification
with decarbonized fuel mix).
More progressive renewable developments with cleaner
combustion technologies can significantly reduce the air
pollution impacts, yet the climate and water consequences
are still not negligible even with a ∼60% no-carbon energy mix
(Figure 6). This indicates that even more ambitious energy
sector decarbonization and low/no water-consuming renew-
able energies (e.g., wind and PV), together with gas storage
expansion, would be needed to alleviate our identified
multiaspect environmental consequences.
Policy Implications. Domestic air pollution57 along with
global climate concerns2 has led to an increase in natural gas
demand around the globe.1,58 This growing demand, however,
is often built on an increasing dependence on international
natural gas trade, which inevitably results in growing natural
gas insecurity among gas-importing countries with under-
developed storage capacities. Such insecurity is becoming
increasingly problematic for China under intensifying U.S.−
China relations, which triggers serious concerns among China’s
top leadership and calls for self-reliance in China’s energy
system.23 Here, we hence focus on characterizing the
multiaspect environmental impacts of a series of potential
planning strategies to better inform policy-making via linking
the environmental consequences with national energy security.
We find that, other than progressive energy efficiency
improvement, all scenarios we evaluate could result in
simultaneous degradation of domestic air quality, local water
scarcity, and the global climate due to increasing upstream
and/or end-use fossil fuel consumption. In particular,
preparing for domestic gas deficiency due to potential import
disruptions with China’s current energy mix (AF compensa-
tion) could result in an increase of 23,300 (22,100−24,500)
premature deaths from PM2.5, particularly in heavily polluted
yet populated eastern provinces and Sichuan-Chongqing
regions. This preparation strategy could potentially partly
offset the air quality and human health improvements achieved
by China’s Clean Air Action. Although shifting the gas
disruption burden across provinces (e.g., compensating for the
gas deficiency in Beijing and Shanghai from other provinces)
helps to alleviate the environmental consequences in provinces
with higher political and economic priorities, it does not bring
much improvement at the national level. CF, UN, and
electrification scenarios can significantly lower the air pollution
and associated health impacts from AF compensation, yet
some of them may lead to higher climate and water penalties.
AF compensation is thus the least favorable preparation
strategy regarding air quality and the associated human health
impacts. However, it may be a relatively easy-to-implement
strategy, especially considering the scale and pace of additional
improvement needed in upgrading end-use efficiency,59
cleaning end-uses,60 and electrifying the economy, as well as
the slower-than-expected domestic UN development.47 Yet, it
is possible that a supply shortage with another type of energy
(e.g., coal and power) could limit the ability to rely on other
energy sources to prepare for potential natural gas import
disruptions. Overall, it is likely that these preparation strategies
will be implemented in different combinations across the
country. Therefore, the actual environmental impacts will
depend on the implementation level of each strategy,
highlighting the value of focusing on improving end-use
energy efficiency, more progressive renewable energy develop-
ment, and expanding natural gas storage capacity.
Our study analyzes the environmental consequences of
potential preparation for import disruptions on an annual basis.
Assuming preparation for a shorter period of import
disturbance, the potential environmental outcomes may
demonstrate significant seasonal variations, with winter gas
disruptions likely to have the largest negative consequences (as
indicated in Figure S10). Growing seasonal heterogeneities in
gas demand alone provide an additional incentive to expand
natural gas storage capacity.47 Nevertheless, if international gas
supply disruptions become a new norm, energy efficiency
improvement and renewable energy development could
become even more important in minimizing the environmental
consequences related to import disruptions, as gas storage
infrastructure may be subject to insufficient natural gas
reinjection. Long-term gas import disturbance will eventually
reshape China’s energy demand and market responses, and
follow-up studies should also evaluate the resulting impacts on
China’s postdisruption responding strategies and the corre-
sponding environmental consequences.
Despite China’s progressive efforts to transform the energy
sector, coal still dominates its energy mix up to 2018 (58% vs
7% for natural gas).33 Natural gas will continue to be an
essential substitute for coal over the next decade or longer. As
of 2018, China’s foreign gas dependence has increased by 15
percentage points since 2015, the data of which are the basis of
this analysis. Thus, the 45% gas dependence could result in an
additional 60% increase in the environmental impacts we
estimated here (Figure S11), or the estimates presented here
represent ∼67% of international gas disruptions in 2018.
Nevertheless, continuous air pollution control technologies
have also been implemented after 2015, which could partly
offset the growing environmental loss that resulted from rising
external dependence. Here, we focus on unraveling the
multiaspect environmental impacts due to natural gas import
disruptions to ensure gas supply self-reliance; meanwhile,
efforts such as strategically diversifying import sources will help
reduce natural gas supply insecurity to start with. The
integrated framework and conclusions from our work will be
broadly applicable to other countries with similar develop-
ments with respect to a growing reliance on imported natural
gas (i.e., over 50% import gas dependence in India in 201961).
This trend of continuously growing import dependence can
aggravate negative environmental consequences, highlighting
the importance of developing domestic natural gas storage
capacity, and more importantly continue transforming its
energy structure (i.e., improving energy efficiency and
facilitating electrification with an increasingly decarbonized
energy mix), to minimize the environmental impacts to offset
the supply uncertainties in international energy markets.
Clearly, upgrading the energy system (i.e., efficiency improve-
ment and decarbonization) is in line with China’s most recent
pledge of achieving carbon peak before 2030 and being carbon-
neutral by 2060. Thus, even without the risk of import
disruptions, such strategies are good in themselves for regional
and global environment. Yet, preparing for natural gas supply
disruptions provides additional incentives to facilitate efficiency
improvement and progressive decarbonization. However, it is
worth noting that although renewable development can play an
important role in alleviating energy security rooted in high
external natural gas dependence, some renewable energies
(e.g., wind and solar) may lead to new security issues such as
electricity supply variability and cybersecurity, which call for
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cautious assessment and planning adaptation strategies (e.g.,
cost-competitive energy storage).62
Disputes exist regarding the natural gas “lock-in” effect.
Unlike the situation in the U.S. and EU, China’s natural gas
storage is significantly underdeveloped, and natural gas is
primarily used to substitute for coal. Meanwhile, the natural
gas network can potentially integrate with decarbonized energy
systems either as a backup for variable wind and solar
energies63 or be retrofitted for hydrogen storage.64 As such, a
cautious investment in natural gas infrastructure with strict
methane leakage regulations in China in this decade is unlikely
to be regretted. That said, increasing investment in energy
efficiency improvement and domestic renewable energy in
combination with energy storage is likely to be a better long-
term choice, considering the overall benefits.
This study, by systematically characterizing the multiaspect
environmental consequences of China’s potential preparation
strategies for natural gas import disruptions, provides essential
incentives for countries such as China to carefully plan ahead
for energy sector adaptation under increasing dependence on
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